In this study, column experiments in the laboratory were set up to examine how the concentrations of nitrate nitrogen, nitrite nitrogen, and ammonia nitrogen changed when a nitrate-rich solution was passed through a medium comprising zero-valent iron, activated carbon, zeolite, and coarse sand.
INTRODUCTION
Nitrate-contaminated groundwater is harmful to human health (Ganesan et The reaction media used in in situ remediation include sepiolite, activated carbon, zero-valent iron (ZVI), zeolite, bimetallic materials, solid carbon, and denitrifying bacteria.
The main types of ZVI used include nanometre iron and sponge iron. Shi et al. () found that nanometre iron performed well when removing nitrate nitrogen from water.
However, applications of nanometre iron are limited because the particles are very small, they oxidize easily and aggregate in water, and are influenced by the pH (Shi et al.  ) . An et al. () reported that ammonia nitrogen accounted for between 74.3% and 98.6% of the amount of NO 3 -N removed, so ammonia nitrogen was the main by-product of the reaction between sponge iron and NO 3 -N. Because nanometre iron is small and aggregates easily in water, the specific surface area, reactions, and fluidity all decrease. Nanometre iron oxidizes easily and the surface passivation layer is not conducive to reducing pollutants (Babaei et 
MATERIALS AND METHODS
Experimental set-up 
Experimental scenarios
Three sets of test protocols were set up to compare and examine the ability of zeolite to remove ammonia nitrogen during the test. Other studies have shown that ZVI has an important role in the removal of nitrate, and that activated carbon can accelerate the removal of nitrate. Coarse sand can prevent clumping of the iron powder, maintain good hydraulic conditions, and extend the useful life of PRB.
The medium in scenario I was iron, activated carbon, and coarse sand, mixed at a volume ratio of 3:1:6. After receiving the test results of the first scenario, the medium was changed, and the coarse sand was replaced with zeolite so the excess ammonia nitrogen was adsorbed, and called scenario II. The volume ratio remained unchanged, with iron, activated carbon, and zeolite at a ratio of 3:1:6. To look more closely at the role of activated carbon in the reaction process, the ratio of the activated carbon in scenario II was adjusted, so that the ratio of iron, activated carbon, and zeo- e. When the outflow stabilized, samples were collected once every day at the outlet. The test was stopped when the total nitrogen concentrations stabilized.
f. The samples were tested spectrophotometrically. The concentrations of nitrate nitrogen, nitrite nitrogen, and ammonia nitrogen were determined by UV spectrophotometry, double nitrogen coupled spectrophotometry, and Nessler reagent spectrophotometry.
RESULTS AND DISCUSSION
Changes in the concentrations of the different nitrogen forms When the ratio of the medium (iron, activated carbon, and sand) was 3:1:6, the concentrations of NO 3 -N, NO 2 -N, and NH 3 -N changed as shown in Figure 2 . After 1 day, the NO 3 -N concentrations had rapidly dropped to 1.5 mg/L, As the experiment progressed, the NH 3 -N concentration increased, and stabilized after 6 days at around 22 mg/L, and about 95% of the NO 3 -N was converted to NH 3 -N.
The concentration was higher than the safety limit, which indicates that, for this medium and at this ratio, ammonia nitrogen was the main product from the nitrate reaction.
Therefore, when iron, activated carbon, and coarse sand were used as the reaction materials, the nitrate concentration decreased, but ammonia nitrogen was generated at high concentrations, which is not ideal. As reported by Suzuki et al. () , who analyzed the crystal structure of the zeolite, the volume of the holes in the zeolite crystal structure can account for more than 50% of the total volume of the zeolite crystals. The zeolite pores are uniformly distributed but have a small pore size. The inner surface of the zeolite crystals is greater than the inner surface of the average particle; solid particles generally have a surface area of only a few square metres per gram, but the inner surface area per gram of zeolite can reach more than 1,000 square metres, so the adsorption of zeolite is particularly large, and the zeolite can effectively adsorb ammonia nitrogen. Because of these properties, zeolite was used instead of sand in the second scenario, but the iron, activated carbon, and zeolite ratio was maintained at 3:1:6. The changes in the concentrations of NO 3 -N, were used at a ratio of 3:1:6, the NO 3 -N removal rate was over 90%, and the ammonia nitrogen concentration was lower than the safety limit for 30 days. This shows therefore that when the medium comprises iron, activated carbon and zeolite at a ratio of 3:1:6, the nitrate concentrations can be maintained within the required standards for 30 days under laboratory conditions. Activated carbon has a large specific surface area, which means that it can improve the permeability of the reaction column and promote nitrate reactions. Therefore, the ratio of iron, activated carbon, and zeolite in the medium in scenario II was adjusted to 3:3:4 (scenario III). The changes in the concentrations of NO 3 -N, NO 2 -N, and NH 3 -N in scenario III are shown in Figure 2 . After 25 days, the NO 3 -N concentration was 1.5 mg/L, representing a decrease of about 98%, which was higher than the concentration decrease for scenarios I and II. When the medium in the column was ZVI, activated carbon, and zeolite, the activated carbon and iron powder formed many tiny battery systems during the nitrate reaction process that accelerated the electron transfer, promoted the reaction, and improved the reaction efficiency. However, because the volume of the zeolite was lower than in scenario II, the adsorption was lower and the time to saturation was less, so that the concentration of NH 3 -N was significantly higher on day 35 than earlier in the experiment, and finally stabilized at about 20 mg/L.
It can be known from the column experiment that under the condition that the reaction system was neutral, the ZVI can react with NO 3 À to form a reduction product mainly composed of trivalent nitrogen and Fe in an oxidation state according to the following reactions (Adeleye et al.
):
Fe 0 þ NO À 3 þ 2H þ ! NO À 2 þ Fe 2þ þ H 2 O (1) 3Fe 0 þ NO À 2 þ 8H þ ! 3Fe 2þ þ NH þ 4 þ 2H 2 O (2) 3Fe 0 þ NO À 2 þ 8H þ ! 3Fe 2þ þ NH þ 4 þ 2H 2 O (3) 3Fe 0 þ NO À 2 þ 7H þ ! 3Fe 2þ þ NH 3 þ 2H 2 O(4)Fe 0 þ Fe 3þ ¼ 2Fe 2þ (5) 4Fe 2þ þ NO 2À 3 þ 10H þ ¼ 4Fe 3þ þ NH þ 4 þ 3H 2 O(6)
Total nitrogen concentrations
The changes in the total nitrogen concentrations over time were plotted to facilitate further analysis of the transformations and time taken to achieve equilibrium between NO 3 -N, NH 3 -N, and NO 2 -N during the reaction (Figure 3 ).
The concentration curves in Figure 3 show that the total nitrogen concentrations decreased rapidly at the beginning of scenarios I, II and III, and then increased, and gradually The difference observed between scenarios I and II reflects the difference in the medium. The coarse sand used in scenario I had almost no adsorption capacity, so the total nitrogen concentrations began to increase rapidly on day 2 of the experiment. Because the zeolite had not reached its saturation capacity, the total nitrogen concentration in scenario III first decreased, and then changed gradually from day 2 until day 30, after which the total nitrogen concentrations increased rapidly when the zeolite became saturated. This shows that the removal efficiency of the medium is directed controlled by the zeolite adsorption capacity. The total nitrogen and NH 3 -N concentrations in the effluent of scenarios II and III followed similar patterns ( Figure 3) ; the NO 3 -N concentration was relatively stable during the experiment, and NO 2 -N made a very small contribution to the overall total nitrogen content. In the later stage of the reaction, the NH 3 -N concentrations increased rapidly as the zeolite became saturated. The three main forms of nitrogen basically reached equilibrium during the test period, which once again demonstrates that nitrogen was in equilibrium when nitrate nitrogen was being removed by the industrial iron powder. Because there was more zeolite in scenario II than in scenario III, the sum of the concentrations of the main nitrogen components was lower in scenario II than in scenario III from day 10 until day 35, which highlights the large contribution of ammonia nitrogen to the total nitrogen balance.
Changes in the pH
The remediation of nitrate in groundwater using iron powder as a reducing agent is mainly controlled by the pH. The pH in scenario I had stabilized at about 8.5 by the end of the test period. Scenarios II and III consumed more H þ , and the pH gradually stabilized at about 10.
Ammonia nitrogen is produced when ZVI reacts with nitrate nitrogen, as shown in Equations (7) and (8):
The higher pH in scenario I reflects the lack of zeolite and the rapid accumulation of ammonia nitrogen in the reaction system. Most of the ammonia nitrogen in the water was in the form of NH 4 þ , which formed a hydrous ammonia and so the reaction system appeared to be weakly alkaline. In scenario III however, the zeolite material absorbed ammonia nitrogen, and the reaction system gradually became weakly alkaline, but over a longer time.
Hydraulic conductivity
The hydraulic conductivity K is frequently used to characterize the permeability of rock and soil, and is calculated with a fixed water head test. According to Darcy's Law, before and after the tests, seepage tests were carried out in the 
